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ABSTRACT: To improve the interfacial charge transfer that is crucial to the performance of perovskite solar cells, the interface
engineering in a device should be rationally designed. Here we have developed an interface engineering method to tune the
photovoltaic performance of planar-heterojunction perovskite solar cells by incorporating MAPbBr,_ I, (MA = CH;NH,)
quantum dots (QDs) between the MAPbI, perovskite film and the hole-transporting material (HTM) layer. By adjustment of the
Br:I ratio, the as-synthesized MAPbBr;_, I, QDs show tunable fluorescence and band edge positions. When the valence band
(VB) edge of MAPbBr;_,I, QDs is located below that of the MAPbI, perovskite, the hole transfer from the MAPbI, perovskite
film to the HTM layer is hindered, and hence, the power conversion efficiency decreases. In contrast, when the VB edge of
MAPbBr;_I, QDs is located between the VB edge of the MAPDI; perovskite film and the highest occupied molecular orbital of
the HTM layer, the hole transfer from the MAPbI; perovskite film to the HTM layer is well-facilitated, resulting in significant
improvements in the fill factor, short-circuit photocurrent, and power conversion efficiency.

B INTRODUCTION

Organic—inorganic hybrid perovskite materials have recently
gained substantial attention because of their high efficiency, low
cost, superior optical properties, and all-solution-process
fabrication.'™” The most attractive and representative perov-
skites are methylammonium lead halides (CH;NH;PbX;,
denoted as MAPbX;, X = Br, Cl, I), which were discovered
in 2009 as sensitizers in dye-sensitized solar cells (DSSCs).® To
date, perovskite solar cells (PSCs) with methylammonium lead
halide have achieved a power conversion efficiency (PCE) of
19.3%,” and an efficiency exceeding 20% has recently been
obtained by replacing methylammonium with formamidi-
nium.'” In spite of these exciting ongoing developments, the
interfacial charge transfer processes are still to be optimized.
Several routes have been explored to facilitate the electron
transfer, such as the insertion of an ultrathin electron extraction
layer of gralphene quantum dots (QDs) between the perovskite
and TiO,"" and the incorporation of ZnO/reduced graphene
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oxide QDs as an electron transfer layer.'> Recently, PbS QDs
have been introduced into planar PSCs as an effective inorganic
p-type hole-transporting material (HTM) with appropriate
energy alignment,'”'* and the absorption of PbS QDs also
extends the whole absorption spectrum of PSCs into the
infrared region."

Although QDs have been applied in various solar cell
structures because of their high absorption coeflicients and
tunable energy levels, >~ engineering of the energy band
alignment of QDs between the perovskite and HTM is also
highly intriguing and has yet to be unraveled. In addition,
compared with facilitating electron transport, the realization of
an optimized interface between the perovskite and HTM for
hole transfer is even more challenging, as the material synthesis
and processing steps should fit with the stability requirements
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Figure 1. (a—c) TEM images of (a) MAPbBr;, (b) MAPbBr,,1; 4, and (c) MAPbBr,l,; QDs. (d) Photoluminescence spectra of MAPbBr;_,I, QD
solutions with an excitation wavelength of 400 nm.
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Figure 2. (a) Schematic illustration of the perovskite solar cell device structure. (b) Energy diagram of each material in the perovskite solar cell
device, with energy levels given in eV. (c) Schematic illustration of the fabrication procedures for the perovskite solar cells with MAPbBr;_,I, QDs.
(d) Cross-sectional SEM image of a device.
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Figure 3. (a) J-V curves and (b) IPCE spectra of PSCs employing MAPbBr;_ I, QDs as the interface-regulating material.
Table 1. Photovoltaic Parameters of Various Solar Cells
device V,. (mV) Joc (mA cm™) FF PCE (%)
MAPbL,/HTM (control) 937 18.09 0.61 10.34
MAPbI;/MAPbBr;-QDs/HTM 698 17.93 0.45 5.63
MAPbL,/MAPbBr, 1, -QDs/HTM 918 17.50 0.60 9.64
MAPbI,/MAPbBr,,L, ,-QDs/HTM 948 19.51 0.72 1332

of the underlying perovskite layer without introducing any
subsequent structural deterioration. The recently developed
organometallic halide perovskite QDs have shown high
photoluminescence (PL) quantum yields and low excitation
energies.”” >* Furthermore, perovskite QDs have lattice
constants and processing requirements similar to those of
planar perovskite layers. These results suggest that organo-
metallic halide perovskite QDs have great potential for interface
engineering in PSCs due to their tunable energy bands.

Inspired by these promises, herein we demonstrate rationally
designed interface engineering of PSCs with composition-
tailorable organometallic halide perovskite QDs for optimized
band alignment and photoelectric conversion enhancement. A
series of organometallic halide perovskite QDs with various Br:I
ratios were synthesized and incorporated between the MAPbI;
perovskite and HTM (i.e., spiro-OMeTAD) layers for interface
engineering. The photogenerated holes in the perovskite layer
were efliciently extracted to the HTM layer with the assistance
of MAPbBrygl,; QDs, as revealed by the increased charge
carrier lifetime and reduced charge transfer resistance over the
interface. A notable 29% increase in PCE from 10.34% to
13.32% was thus obtained, suggesting that this approach is a
promising means for interface engineering toward efficient
charge carrier extraction and hence high photovoltaic perform-
ance.

B RESULTS AND DISCUSSION

A series of MAPbBr;_ I, QDs were synthesized in anhydrous
chlorobenzene with n-octylamine as the coligand and
stabilizer’” (Figure S1 and Methods in the Supporting
Information). Figure la—c displays transmission electron
microscopy (TEM) images of MAPbBr;, MAPbBr,,];; and
MAPDBr ], ; QDs, respectively. These QDs have an average
diameter of 5 nm with excellent homogeneity. Figure 1d shows
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the PL spectra of these QD solutions. Interestingly, the
emission peak can be finely tuned from 515 to 580 nm by
varying the Br:I atomic ratio from 3:0 to 0.9:2.1. The emission
peak gradually shifts to longer wavelength with decreasing Br:I
ratio in the QD, which is ascribed to the larger iodide-atom-
induced structural deviation from the cubic phase.”

The synthesized MAPbBr;_,I. QDs were used to modify the
interface between the MAPDI; perovskite film and the HTM
layer, and a MAPbL,/QDs/HTM device structure (Figure 2a)
was proposed and investigated in this work. To determine the
energy levels of MAPbBr; I, QDs, UV—vis absorption
spectroscopy and UV photoelectron spectroscopy (UPS)
were performed (see Methods in the Supporting Information).
The UV—vis absorption spectra of the QD solutions reveal that
the gaps between the conduction band (CB) edge and the
valence band (VB) edge, as determined by the wavelength of
onset absorption (Figure S2), are 2.33, 2.17, and 2.12 eV for
MAPbBr;, MAPbBr, ,1, 5, and MAPDbBr,l, ;, respectively. The
VB edges, as determined by UPS (Figure S3), are —5.83, —5.56,
and —5.40 eV for MAPbBr;, MAPbBr, 5], 5, and MAPbBr,l, ,
QDs, respectively. The CB edges, calculated using the
expression CB = VB + energy gap, are —3.50, —3.39, and
—3.28 eV for MAPbBr;, MAPbBr,,I;5 and MAPDbBr.L, ,,
respectively. The schematic energy level diagram of the
perovskite, MAPbBr;_I. QDs, and HTM is displayed in
Figure 2b.

Evidently, changing the Br:I ratio in the QDs can successfully
tune the energy levels, which are quite different from those of
the perovskite film. The VB edge of MAPbBr,l, | lies between
the VB of MAPDI; perovskite and the highest occupied
molecular orbital (HOMO) of the HTM, which can facilitate
the hole transfer at the interface. In contrast, the VB edges of
the other two QDs are located below that of MAPbDI;
perovskite, which may hinder the interfacial hole transfer.
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Table 2. Average Photovoltaic Parameters of Various Solar Cells

device V,. (mV)
MAPbI,/HTM (control) 880 + 53
MAPbI,/MAPbBr,-QDs/HTM 715 + 49
MAPbIL,/MAPbBr, I, ;-QDs/HTM 771 + 129
MAPbL,/MAPbBr, L, ,-QDs/HTM 913 + 30

J.. (mA cm™) FF PCE (%)
18.02 + 0.42 0.59 + 0.03 9.38 + 0.71
17.95 + 0.22 0.42 + 0.04 5.12 + 0.38
17.94 + 2.17 0.54 + 0.06 8.69 + 0.82
18.62 + 1.14 0.70 + 0.05 12.03 + 0.99

The PSC devices were fabricated by spin coating of QDs
onto the surface of the MAPbI; perovskite film while keeping
other steps the same as those in the planar MAPbL;/HTM
structure™ (Figure 2c and Methods in the Supporting
Information). Generally, the optimized device structure
consisted of a 50 nm thick dense TiO, layer on fluorine-
doped tin oxide (FTO), a 320 nm thick perovskite layer, a 250
nm thick spiro-OMeTAD layer, and a magnetron-sputtered Au
layer (80 nm) as the back contact,”® as shown in the cross-
sectional scanning electron microscopy (SEM) image in Figure
2d.

The current—voltage (J—V) curves for the best PSC devices
with different MAPbBr;_ I, QDs are shown in Figure 3a, and
the photovoltaic performance parameters are summarized in
Table 1. Upon introduction of MAPbBr;_ I, QDs, the
photovoltaic performance changed significantly, depending on
the Br:I ratio. The best control cell (MAPbL,/HTM) produced
an open-circuit photovoltage (V,.) of 937 mV, a short-circuit
photocurrent density (J,.) of 18.09 mA cm™2 and a fill factor
(FF) of 0.61, corresponding to a PCE of 10.34%. On the other
hand, the introduction of MAPbBr; QDs at the MAPbL;—HTM
interface decreased the PCE remarkably to 5.63% because of
the significant decreases in V. and FF compared with the
control cell. Decreasing the Br:I ratio to 1.2:1.8 using the
MAPDBBr; I, QDs resulted in a PCE of 9.64%, which was
slightly lower than the efficiency of the control device.
Interestingly, when the Br:I ratio was further decreased to
0.9:2.1, the MAPbI;/MAPDbBr,,l, ,-QDs/HTM device pro-
duced a V,_ of 948 mV, a J,. of 19.51 mA cm™2 and an FF of
0.72, corresponding to a PCE of 13.32%. The enhancement of
PCE is attributed to the significant improvement in J,. and FF
as well as the slight increase in V.. The PCE increased with
decreasing Br:I ratio up to 0.9/2.1 for the MAPDI;/
MAPDbBr;_,I-QDs/HTM devices.

Figure 3b shows the incident photon-to-current conversion
efficiency (IPCE) of each cell. The maximum IPCE increases in
the order MAPbBr; < MAPDBr,,1, 3 < control < MAPbBr,l, ,
in good agreement with the ] trend. Compared with the
control cell, the introduction of MAPbBr; or MAPDbBr,,I;
QDs with a lower VB edge at the MAPbl;—HTM interface
hinders the photoelectric conversion, while incorporating the
MAPDbBrygl,; QDs with a slightly higher VB edge at the
MAPDBL;—HTM interface improves the IPCE. The MAPbI;/
MAPDBr,, L, ;-QDs/HTM device shows the best IPCE
performance among the four cells, accounting for its highest J,..

The thickness of the MAPbBrol,; QDs may influence the
performance of PSCs greatly, but it was too thin to detect
because of the pretty small amount of QDs deposited on the
perovskite surface. Figure S4 shows top-view SEM images of
the perovskite film before and after deposition of MAPbBr L,
QDs. Because of the tiny size of the QDs and quite small
loading, the change in the surface morphology was negligible
and the QDs were hardly observed. It was thus impossible to
obtain thickness information on MAPbBry,l,; QDs. Instead,
the influence of the number of spin coatings and the
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concentration of MAPbBrj,l,; QDs on the performance of
PSCs was investigated. The amount of MAPbBryol,; QDs
deposited on the MAPDI; perovskite film was tuned by
changing the concentration of the MAPbBry,l,; QD
suspension and by varying the number of spin coatings.
Qualitatively, the amount of MAPbBr,l, ; QDs influences the
photovoltaic performance significantly (Table S1). It was found
that spin coating of 0.32 mM MAPDbBr,,l,; QDs one time
produced the best performance in our experiments. All of the
PSC devices interfaced with the MAPbBr;_, I, QDs in this work
were fabricated under these optimized conditions.

To examine the reproducibility of photovoltaic performance,
six parallel samples for each PSC structure were fabricated and
evaluated in terms of photovoltaic performance. The average
photovoltaic performance parameters are summarized in Table
2. The average PCE for the typical planar MAPbI;/HTM
device obtained in this work was 9.38%. When MAPbBr;_.I,
QDs were deposited on top of the perovskite film, the average
PCE values were 5.12%, 8.69%, and 12.03% for MAPDbBr,,
MAPDBr,,I, 5, and MAPbBry,l,; QDs, respectively. The
change trend for each average parameter is consistent with
that for each best parameter.

If the Br:I ratio in the QD is decreased further, how does the
performance of the PSCs change? To address this question, two
more types of QDs were prepared: MAPbBr,,I,; and
MAPDBr, I, QDs (Methods in the Supporting Information).
However, the PSCs interfaced with the MAPbBr,,I,; or
MAPbBr, 1, s QDs showed lower performance than that with
the MAPbBry,l,; QDs (Table S2). Therefore, further
decreasing the Br:I ratio leads to decreased photovoltaic
performance. The emission peaks of the MAPbBr,,I,; and
MAPDbBry 41, QD solutions are located at 624 and 655 nm,
respectively (Figure SS). Compared with the previously
mentioned three QDs, further red shifts of the emission peak
are achieved since the Br:I ratio is further reduced. Since the
MAPbBr, -1, ; and MAPbBr, I, s QDs have poor stability due
to the lower Br:I ratio,”* the two QDs were not investigated in
detail in this work.

To investigate the stability of the PSC devices, the
photovoltaic performance of the PSCs was measured every
other day for 25 days. The evolution of the PCE with time is
displayed in Figure S6. The initial PCE of the PSC without the
MAPDbBryl,; QDs was 10.07%, and the PCE decreased to
8.17% after 25 days, corresponding to an attenuation of 19%.
By contrast, the PSC with the MAPbBr, 1, ; QDs experienced a
PCE drop of 17% (from 12.55% to 10.37%) after 25 days.
Thus, the PSCs with and without MAPbBry,l,; QDs have
similar stability.

Next, the factors that influence the photovoltaic performance
of the PSCs were analyzed. The photocurrent generation is
directly related to the light-harvesting efliciency. The
fluorescence of MAPDbBr; I, QDs may enhance the light-
harvesting by the active layer, as the emitted photons can be
absorbed by the perovskite film. However, this case does not
apply in our experiments, as the UV—vis absorption spectra for
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Figure 4. (a) Electron lifetimes measured by IMVS for various PSCs. (b) Photoluminescence spectra and (c) time-resolved photoluminescence
decay curves of MAPbI, (control) and MAPbL,;/MAPbBr, 4], ,-QDs perovskite films. (d) Electrochemical impedance responses of PSCs measured at

open circuit under AM 1.5G simulated sunlight.

the perovskite films with and without MAPbBr;_,I. QDs are
similar (Figure S7). As the PSC devices are illuminated from
the FTO side, most of the incident visible light is absorbed by
the MAPDI; perovskite film, so the MAPbBr;_ I, QDs are
difficult to excite to elicit fluorescence. In addition, because the
amount of MAPbBr;_,I, QDs on the active layer is pretty small,
the fluorescence and light absorption of the MAPbBr;_ I, QDs
at the interface are negligible. Therefore, the fluorescence
characteristics and light absorption properties of MAPbBr;_, I,
QDs do not affect the light harvesting by the active layer in this
case. As the light-harvesting efficiencies of the films are similar,
the observed difference in performance should be attributed to
the modification of MAPDbI;—HTM interface by the
MAPbBr;_, I, QDs. The MAPbBr; QDs have a much lower
VB edge than the MAPDI; perovskite, which hinders the hole
transfer from the perovskite film to the HTM layer, leading to
significant decreases in V,, FF, and PCE."’ As the
MAPDBr,,I;3 QDs have slightly lower VB edge than the
MAPDI; perovskite, the blocking effect on the hole transfer
diminishes, resulting in slightly decreased V,, FF, and PCE.
Compared with the control cell, the decreases in V,. and FF
become more prominent as the VB edge is lowered because of
the enhanced blocking effect on hole transfer.

However, the VB edge of MAPbBr,yl,; QDs is located
between the VB edge of the MAPDI; perovskite film and the
HOMO of the HTM (Figure 2b). In this situation, the
photogenerated holes in the perovskite film produced by
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irradiation may first transfer to the MAPbBr,,I, ; QDs and then
to the HTM layer. The two-step hole transfer resulting from
such interface engineering facilitates the hole transfer from the
perovskite film to the HTM layer’” as a result of the better
matching of energy levels among the perovskite, MAPbBr, ],
QDs, and HTM. As a consequence, J, V,. and FF all are
enhanced, resulting in a significant improvement in the PCE.

For comparison, the effect of QDs embedded in the MAPbI,
perovskite layer on the photovoltaic performance was also
examined. The MAPbL;—MAPbBr;_,I.-QDs mixed layer was
fabricated by adding MAPbBr; I, QDs into the antisolvent
chlorobenzene™ during the one-step spin coating of MAPbI,
perovskite, as shown in the schematic illustration of the
fabrication process (Figure S8). The MAPbBr,,l,; QDs inside
the MAPbL; layer produced a PCE of only 6.93% (Table S3),
and the results of mixing the other two QDs were even worse.
The inferior performance is attributed to the existence of a
large number of recombination spots due to the difference
between the VB levels of the QDs and perovskite, which limits
the hole transport through the mixed layer. These results
indicate that it is essential to introduce MAPbBr,,l,; QDs at
the MAPbL;—HTM interface to obtain high performance.

To further explore the influence of MAPbBr;_,I, QDs on the
photovoltaic performance, the PSC devices were characterized
by intensity-modulated photovoltage spectroscopy (IMVS).”**’
Figure 4a shows the electron lifetime (z,) derived from the
IMVS measurement versus the applied potential. For all of the
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PSCs, the logarithm of the electron lifetime decreases linearly
with the applied potential. At the same bias potential, the
electron lifetimes increase in the order MAPDbLBr; <
MAPDBr,,I; 3 < MAPDbBrygl,;, in good agreement with the
V.. sequence. As the lower VB edges of MAPbBr; and
MAPDBTr, ,], 3 compared with that of the MAPDbI; perovskite
hinder hole extraction to the HTM layer, the electron—hole
recombination probability increases, leading to a shorter
electron lifetime. However, for the MAPbBry,4l,; QDs with a
VB edge located between that of the perovskite film and the
HOMO of the HTM layer, the photogenerated holes in the
perovskite film can first transfer to the MAPbBr,l, ; QDs and
then to the HTM layer.”” This is favorable for faster hole
extraction, and it is therefore reasonable to get a longer electron
lifetime for this case. As a result of the best hole extraction, the
highest ], V., FF, and PCE are obtained for the MAPbBr ],
QDs.

The steady-state PL spectra (Figure 4b) were recorded in
order to gain insight into the defect density of the perovskite
films with and without MAPbBr,,L,; QDs. Surface modifica-
tion of the MAPbI; perovskite film with MAPbBr,,l,;, QDs
exhibits an obvious PL quenching (Figure 4b). The decreased
PL intensity indicates that the introduction of MAPbBr,,l,
QDs reduces the defect density of the perovskite film.
Moreover, the time-resolved PL decay curves of the MAPbI;
and MAPbI;/MAPbBr, 41, -QDs were measured to determine
the PL decay lifetimes (Figure 4c). The PL decay curves were
fitted by the single-exponential decay function I = Aem(t0)/m 30
in which I is the PL intensity at time ¢, A is a constant, and 7, is
the faster component of the exciton spontaneous radiative
recombination time. The PL decay lifetime of the perovskite
film interfaced with MAPbBr,l,; QDs was determined to be
15.45 ns, compared with 13.12 ns for the control film without
QDs. Since there is no HTM layer in the sample, the PL decay
is attributed not to carrier extraction by the HTM layer but
rather to radiative and nonradiative deexcitation.” The
prolonged PL decay lifetime of the perovskite film covered
with MAPDbBr 41, QDs is the result of suppressed nonradiative
recombination channels.” The longer PL lifetime suggests
slower charge recombination for the film with MAPbBryl,
QDs.”*" Upon excitation, the photogenerated holes in the
perovskite film can transfer to the MAPbBry,l,; QDs with
higher VB, causing electrons and holes to be located at different
phases. The effective separation of electrons and holes retards
the charge recombination and thus enhances the PL lifetime.
For comparison, the PL lifetime of MAPbI;—MAPbBr, ], ;-
QDs fabricated by mixing MAPbBrygl,; QDs inside the
MAPbI; layer was also measured (Figure S9) and fitted by
the double-exponential decay function I = Ae(—@/n 4
Be~(=0/230 where 7, is the slower component of the pure
dephasing time of nonradiative recombination, such as the
phonon scattering and Auger recombination losses.”’ The
mixed MAPbI;—MAPDBr 1, -QDs layer showed a 7, of 7.23
ns, which is much smaller than that of the MAPDIL;/
MAPDBr ], -QDs layer and that of the control film as well.
These results further indicate that employing the MAPbBrl, |
QDs as an interface-regulating material rather than an additive
inside the perovskite film is crucial to achieve high photovoltaic
performance.

To clarify the significant changes in FF caused by the
MAPbBr;_ I, QDs, electrochemical impedance spectroscopy
(EIS) was carried out. Figure 4d shows the Nyquist spectra of
PSCs with and without MAPbBr;_,I. QDs under one-sun

illumination in the frequency range between 1 MHz and 0.1 Hz
along with the equivalent circuit (Figure 4d inset). Only one
semicircle is resolved in the EIS spectra, which describes the
charge transfer behavior at the MAPbI;—HTM interface. The
intercept of the semicircle on the real axis corresponds to the
series resistance (R;), which largely depends on the FTO
substrate and external wire contact. The values of R are similar
for these PSCs, excluding the effect of Ry on the FF. R,
represents the charge transfer resistance at the MAPbl;—HTM
interface, and C is the corresponding capacitance. The value of
R, changes greatly when the MAPbBr;_,I, QDs are introduced.
For PSCs with MAPbBr; and MAPDbBr, ,1; ; QDs, R increases,
suggesting that the hole extraction becomes less efficient
compared with the control device. This is the case because the
lowering of the VB edge hinders the hole transfer from the
MAPDI; perovskite film to the HTM layer. The decrease in FF
for MAPbBr; and MAPDbBr,,l;; QDs is attributed to the
increased R,. For the MAPbBr,,l,; QD-interfaced PSC, R
decreases, indicating that hole extraction becomes more
efficient compared with the control cell. The VB of
MAPDbBryl,; QDs lies between the VB of MAPbI; and the
HOMO of the HTM, facilitating the hole transfer from the
MAPDI; perovskite to the HTM and thus decreasing R, which
is responsible for the increase in FF. These results indicate that
MAPDbBryol,; QDs at the interface can enhance charge
separation, thus improving the FF and PCE.*”

Bl CONCLUSIONS

We have developed planar-heterojunction perovskite solar cells
employing MAPbBr; I, QDs as the interface-regulating
materials. Hole transfer from the MAPbI; perovskite into the
HTM layer is favored by MAPbBr, 41, ; QDs with a suitable VB
edge but hindered by MAPbBr; and MAPDbBr,,I,; 3 QDs with
VB edges lower than that of the perovskite film. The interfacial
modification with the MAPbBrygl,; QDs improves the hole
extraction and thus enhances the FF, ], and PCE significantly.
This work may inspire new mechanisms for interface
modulation in PSCs toward higher performance.
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